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Abstract 
Marine bivalve molluscs, such as scallops, mussels and oysters, are crucial components of 
coastal ecosystems, providing a range of ecosystem services, including a quarter of the 
world’s seafood. Unfortunately, coastal marine areas often suffer from high levels of metals 
due to dumping and disturbance of contaminated material. We established that increased 
levels of metal pollution (zinc, copper and lead) in sediments near the Isle of Man, resulting 
from historical mining, strongly correlated with significant weakening of shell strength in 
king scallops, Pecten maximus. This weakness increased mortality during fishing and left
individuals more exposed to predation. Comparative structural analysis revealed that shells 
from the contaminated area were thinner and exhibited a pronounced mineralisation 
disruption parallel to the shell surface within the foliated region of both the top and bottom 
valves. Our data suggest that these disruptions caused reduced fracture strength and hence 
increased mortality, even at subcritical contamination levels with respect to current 
Jo
ur
na
l P
re
-p
ro
of
Journal Pre-proof
international standards. This hitherto unreported effect is important since such non-apical 
responses rarely feed into environmental quality assessments, despite potentially significant 
implications for the survival of organisms exposed to contaminants. Hence our findings 
highlight the impact of metal pollution on shell mineralisation in bivalves and urge a 
reappraisal of currently accepted critical contamination levels. 
Keywords: Scallops, Shell strength, Biomineralization, Calcification, Fisheries, 
Ecotoxicology 
1. Introduction 
Marine bivalve molluscs deliver a range of ecosystem services such as water filtration and 
sediment consolidation and provide a quarter of the world’s seafood (Daily, 2003; FAO, 
2018; Grabowski et al., 2012). For example, in 2018 scallops supported the third most 
valuable fishery in the UK (£70 million)(MMO, 2019), and the fourth most valuable in the 
USA (US$541 million)(NMFS, 2020). 
Bivalve shells provide essential protection from the external environment, particularly against 
predators (e.g. the crushing claws of crabs and lobsters) and physical disturbance from waves 
and currents; (Beadman et al., 2003; Telesca et al., 2019). Therefore, shell strength 
essentially determines a population’s resilience. Shells are composed of crystalline calcium 
carbonate (most common are the calcite and aragonite polymorphs) along with a small 
percentage of organic matter (Grefsrud et al., 2008). The thickness and microstructure of 
shells is highly variable between both individuals and areas, which appears to be 
predominately driven by environmental conditions, as it is not explained by genetic 
differences (De Noia et al., 2020; Telesca et al., 2019; Vendrami et al., 2017). This variability 
can affect the mechanical strength of shells, and therefore an organism’s survival (Grefsrud et 
al., 2008; Grefsrud and Strand, 2006; Vendrami et al., 2017). Unfortunately, the estuaries and 
coastal waters inhabited by marine bivalves are frequently contaminated with a wide range of 
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pollutants, in particular metals, from land-based human activities (Bryan and Langston, 1992; 
Luoma and Rainbow, 2008). Pollution from metals is an increasing threat to marine 
ecosystems because of their continued discharge and persistent nature (EEA, 2015; Luoma 
and Rainbow, 2008), exacerbated by an increased re-mobilisation of contaminated sediments 
by coastal development and towed fishing gear (Bradshaw et al., 2012; Luoma and Rainbow, 
2008). Future increases in ocean acidity and temperature through anthropogenic greenhouse 
gas emissions (IPCC, 2019) are expected to increase the effects of metal ions and compounds 
on bivalve molluscs and other marine organisms, by influencing metal speciation and 
therefore bioavailability, rate of uptake and toxicity in seawater (Millero and al., 2009; 
Roberts et al., 2013; Sezer et al., 2020; Shi et al., 2016). Moreover, increased storm events 
due to climate change will increase runoff and further elevate introduction of metals into 
marine environments (EEA, 2015), even from long disused mining areas. 
 
Bivalves in contaminated areas readily accumulate metals (e.g. Zn, Pb and Cu) into both their 
soft tissues (predominately during feeding) and shells (Richardson and al., 2001; Sturesson, 
1976). In sufficient concentration, such metal contamination is toxic and therefore can 
significantly elevate mortality and impair growth rates (Beaumont et al., 1987; Calabrese et 
al., 1977). Incorporation of metals into mollusc shells occurs since elements such as Pb and 
Zn follow the same intracellular pathway as Ca during the biomineralization process 
(Jordaens et al., 2006), thereby substituting for Ca when shells develop in contaminated 
areas. This presence of metals in the shell matrix has been hypothesized to disrupt shell 
integrity and strength (Jordaens et al., 2006). Alternately, metals may modify the activity of 
proteins during the crystallisation process and disrupt shell microstructure formation in that 
way (Sharma et al., 2008). 
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However, previous studies of the impact of metal pollution on the shell biomineralization 
have produced variable results, highlighting the necessity for a better understanding (Zuykov 
et al., 2013). For example, in terrestrial snails, contrasting effects of different metals were 
found (e.g. negative effects of Pb on shell mass (Beeby et al., 2002), uptake of Zn but no 
effects on shell strength (Jordaens et al., 2006)), as well as variability between populations 
and species (Fritsch and al., 2011). In comparison, in freshwater mussels dramatic negative 
effects of Cu, Cr and Cd on shell morphology have been reported (Faubel et al., 2008; Lopes-
Lima et al., 2012). In marine environments, where the chemistry of calcification and the 
bioavailability of metals is quite different from terrestrial and freshwater systems, shell 
integrity as indicator of metal pollution has been little studied and is considered unproven 
(Zuykov et al., 2013). Given that metal pollution is considered an increasing threat to marine 
ecosystems (Rogers and Laffoley, 2011), improving predictions of the ecological and 
economic impact on marine bivalves, including interactions with predicted future changes in 
ocean chemistry and temperature, should clearly be a priority area for research. 
 
In order to further investigate thes  effects of metal pollution on marine bivalve shell 
properties we chose to examine commercially valuable king scallops, Pecten maximus, at a 
site known to be contaminated with metals, and at uncontaminated control sites, around the 
Isle of Man in the Irish Sea. This design enabled us to explore the long-term effects of metal 
exposure on susceptibility to damage, fracture strength, thickness and microstructure of 
scallop shells in a rarely explored real-world setting (Mayer-Pinto et al., 2010). Specifically, 
a significant loss of scallops due to shell fracturing during dredging had been reported for the 
Laxey site near the Isle of Man, motivating our interest to investigate the possible causes of 
this observation. 
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2. Methods 
2.1. Study site and species 
Our study was based on samples collected in the coastal waters around the Isle of Man, in the 
North Irish Sea. The Isle of Man’s fisheries are dominated by scallops, particularly the high 
value king scallop, Pecten maximus, and the lower value, but at times highly abundant queen 
scallop, Aequipecten opercularis (Beukers-Stewart et al., 2003; Vause et al., 2007). The king 
scallop, the focus of this study, can grow to over 20 cm shell length and live for over 20 years 
(Beukers-Stewart et al., 2005), although most individuals on commercially exploited fishing 
grounds are less than 12 cm in length and 6 years old (Beukers-Stewart et al., 2003). Due to 
habitat and environmental preferences, scallops tend to have a patchy distribution around the 
Isle of Man, occurring in a series of discrete beds ranging from close inshore to the 12 mile 
boundaries of the territorial sea (Beukers-Stewart et al., 2003), (Fig. 1). Due to the legacy of 
land-based mining in the 19th and 20th centuries, several rivers, estuaries and therefore 
nearshore waters and sediments around the Isle of Man experience elevated concentrations of 
zinc and lead, and to a lesser extent copper and cadmium (Kennington, 2018). At Laxey, off 
the east coast, such contaminated sediment overlaps with parts of the inshore scallop fishing 
ground (this study). This situation provided us with the ideal opportunity to directly compare 
scallop populations at this contaminated site with those at control sites with lower levels of 
contamination whereby all other known environmental parameters (water temperature, 
salinity and nutrients) remained similar (Kennington, 2018; Kennington and Hiscott, 2018, 
see section 2.3). Sea surfaces temperatures around the Isle of Man are strongly seasonal, 
ranging from a low of 5 to 6oC in February to a high of 15-16oC in August, while decadal 
perturbations in the salinity levels reflect variations in the strength of the North Atlantic 
Oscillation. Nutrient levels are also strongly seasonal, with the nitrogen pool largely 
exhausted after each spring phytoplankton bloom. However, despite this high level of 
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temporal variability, spatial variability in these parameters appears to be low in the study area 
(Kennington, 2018). For this reason we selected a number of other locations around the Isle 
of Man as control sites to study the potential origins of the high rates of damage to the 
scallops from the Laxey site. 
 
2.2. Spatial and temporal variation in scallop damage and mortality 
Scallop populations around the Isle of Man have been routinely surveyed (initially bi-
annually and then annually) for stock assessment purposes since 1992 (Beukers-Stewart et 
al., 2003; Murray et al., 2011; Vause et al., 2007). These surveys have typically been 
conducted using both standard commercial king and queen spring toothed scallop dredges 
(Lart, 2003) (generally four per side of the survey vessel), during which the densities (catch 
per unit effort), sizes and ages of both species of scallops are recorded on the main fishing 
grounds around the island. King scallops (P. maximus) are also visually assessed for damage 
to their shells on a four-point scale (Jenkins et al., 2001).  A score of 1 indicates very minor 
damage, 2 moderate damage, 3 a broken hinge, and 4 major damage (see Fig. S1). Damage 
scores of 3 or 4 were assumed to be fatal – we tested this assumption using laboratory 
experiments (see below). We analysed the mean proportion of fatally damaged scallops 
caught in standard scallop dredges during bi-annual stock surveys at Laxey (contaminated) 
and five other (uncontaminated) fishing grounds; Bradda Inshore, Bradda Offshore, 
Chickens, Peel and Targets, from June 2001 to October 2003 (i.e. during a total of six 
surveys) (Fig. 1). The dredges were towed three times at each site on each date, generally 
catching between 100 and 200 scallops per tow (minimum 27, maximum 438). During the 
same surveys in June and July 2001, other characteristics which might be expected to 
physically damage scallops during the catching process (visual estimates of dredge fullness, 
and the volume of rocks retained in each dredge) were recorded. Furthermore, we also 
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recorded the density (catch per unit effort / mean number per tow of the scallop gear) of 
brown crabs, Cancer pagurus, the main crustacean predator of king scallops around the Isle 
of Man (Beukers-Stewart et al., 2006). This was because previous studies (Beadman et al., 
2003) had shown that high densities of crabs caused bivalves (in that case mussels, Mytilus 
edulis) to grow thicker and stronger shells, presumably as an anti-predator defence response. 
If king scallops respond to crabs in similar ways, then thicker and stronger shells could also 
reduce their susceptibility to damage by scallop dredges. Alternately / in addition, high 
predation pressure in areas of high crab density might selectively remove weaker shelled 
scallops, thereby elevating the mean shell strength of the surviving population. 
 
2.2.1. Scallop survival experiments 
During regular stock surveys (see above), 72 king scallops were collected on the 30th October 
and 69 on 31st October, 2002. On each occasion these scallops were kept alive in 500 litre 
aerated tubs of seawater on board the research vessel for approximately 4 hours while they 
were transported back to the laboratory. Once there they were transferred to separate 2000 
litre plastic flow through aquariums (a different one on each day) in the laboratory. 
Aquariums were maintained at ambient water temperature and on a 12 hour day-night 
lighting cycle. The floor of the aquariums was kept bare. Of the 141 scallops collected, 110 
were assessed as damage grade 1, 14 were grade 2 and 17 were grade 3. These scallops were 
then monitored every 2 to 3 days for 20 days, until no more grade 3 scallops were still alive. 
 
2.3. Metal contamination of seabed sediments 
Previous sampling in the 1970s and 1990s had demonstrated high levels of metals 
(particularly Cu, Pb and Zn) in the Laxey estuary / harbour sediments (Kennington, 2018). 
For this study we wanted to determine the contemporary concentration of metals in sediments 
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at Laxey (the contaminated site), how this varied with distance from shore, and how these 
levels compared to Bradda Inshore, our main control site. To do this, three single Day Grabs 
of sediment were taken at each location on the 27th of February 2013. At each site an east to 
west transect was set up, with the first sample being taken approximately 500 m offshore, the 
second 1.5 km offshore and the third 3 km offshore. The locations of all of these sediment 
sample sites overlapped with commercial scallop fishing grounds (Beukers-Stewart et al., 
2003). 
 
Sediment samples were processed at the Isle of Man Government Laboratory (certified under 
ISO 17025). Each sample was dried at 105 degrees C until constant weight achieved and then 
100 g of sediment was ground using a pestle and mortar and sieved through 120 micrometre 
sieve. One gram of material was then microwave digested in reverse aqua-regia (7.5ml conc 
HNO3, 2.5 ml conc HCl) and after digestion the solute was filtered and made up to 100ml 
using deionised water. Analysis for metal content was undertaken using an inductively 
coupled plasma optical emission mass spectrophotometer (Varian Vista-MPX ICP OES). 
Multi-element standards used (250, 500, 750 micrograms/litre) were obtained from Ultra 
Scientific (ICP/MS calibration standard #2). Certified reference material LGC 6145 was used 
for quality control. 
 
2.4. Scallop morphometric analysis and strength testing 
Based on the observed variation in scallop damage rates between fishing grounds (see 
results), we decided to investigate scallop shell morphology and strength as a possible 
explanatory factor. King scallop shells were collected for this purpose on two separate 
occasions (Table 1). Firstly, during stock surveys in June 2004, 20 scallops were collected 
from the contaminated site at Laxey, and another 20 scallops from each of five other 
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uncontaminated sites around the island (Fig. 1). Upon return to the laboratory, these scallops 
(120 in total) were frozen whole (including internal soft tissues) for storage, before being 
defrosted for later analysis (see below). These scallops ranged in shell length (SL) from 100 
mm to 115 mm (mean=107.06mm (±0.42SE) SL). In order to determine the temporal 
consistency of patterns of shell strength, a second batch of king scallops was collected from 
just the Laxey (contaminated) and Bradda Inshore (control) grounds (5 from each, 10 in total)
during dredge surveys by the Isle of Man government during February 2013 (the same day 
the sediment samples above were taken) (Table 1). These scallops were slightly larger than 
previously, ranging in size from 113 to 119 mm SL (mean=115mm (±0.89SE) SL) and were 
also initially frozen whole, before being defrosted and dissected, with only the shells retained 
for later analysis. Shells were cleaned using deionised water and dried at room temperature 
for at least 4 weeks. 
 
2.4.1. Shell morphometrics 
The morphometrics of all shells was measured to the nearest mm using Vernier callipers. 
Only the shell length of the 2004 samples was measured (see Beukers-Stewart et al., 2003 for 
protocol), while for the 2013 samples the height, depth and weight (to the nearest 0.01 g) of 
the clean shells was also determined. Finally, the thickness of each top (left) and bottom 
(right) valve of these shells was measured at 1 cm intervals, using shell sections taken along 
the centre rib, from the umbo to the ventral edge (i.e. along the shell height axis).  
 
2.4.2. Shell strength 
The shell strength (maximum load force to shell fracture) of the two sets of scallops was 
assessed in similar, but slightly different ways. The 2004 samples were placed whole into an 
Instron Universal Testing Machine which had been fitted with the steel tooth from a scallop 
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dredge. These teeth are approximately 11 cm long and 1 cm square, but the ends are cut 
diagonally to produce a sharp edge. The tooth was placed on the flat valve of each specimen, 
in between the 1st and 2nd growth ring, before the shells were compressed until they broke. In 
comparison, the strength of the 2013 samples was assessed using a Tinius Olsen machine 
fitted with a circular metal rod (diameter 1 cm). This rod was again placed between the 1st 
and 2nd growth rings on the flat valve of each specimen. Scallops were held in a customised, 
cork covered sample holder and again compressed until they fractured. 
 
2.5. Structural Studies 
The observed differences in shell strength between scallops caught at Laxey and Bradda in 
both 2004 and 2013 (see results) suggested they may also differ with respect to the shell 
structure. To shed light on this important aspect we employed a set of characterisation 
techniques of the 2013 samples covering different length scales (light and electron 
microscopy) and providing information on crystallinity (Raman spectroscopy) and element 
composition (energy dispersive X-ray spectroscopy). 
 
2.5.1. Sample preparation 
Approximately 80 µm thick cross-sections were prepared, which had been cut in transversal 
and longitudinal direction of the shell ribs for both top and bottom valves. This preparation 
was performed using a diamond cutting wheel (Struers) to produce approx. 3 mm x 3 mm x 
500 µm slices which were subsequently ground to approx. 90 µm thickness and further 
polished using diamond lapping pads (in a sequence of grain coarseness from 30 µm down to 
100 nm) so that specular surfaces were achieved on both sample sides targeting a total slice 
thickness of approx. 80 µm. Selected cross-sections were surface etched for scanning electron 
microscopy using a 0.1M acetic acid solution. To prepare a sample for transmission electron 
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microscopy we selected one of the non-etched cross-sections and thinned it down to electron 
transparency using a tripod polishing holder and applying the H-bar method (Patterson et al., 
2002) using a focused ion beam (FIB) system (FEI Nanolab) available at the JEOL York 
Nanocentre. 
 
2.5.2. Optical Microscopy 
The achieved thickness of approximately 80 µm permitted good light transmission and hence 
observation of structural details down to approximately 1 µm extension in transmission 
optical light microscopy. This was performed using an Olympus BY41 optical microscope 
equipped with 5x, 10x, 20x, and 50x objective lenses and a CCD camera for image recording. 
 
2.5.3. Raman Microspectroscopy 
Micro-Raman spectroscopy was performed using a Horiba Xplora system with a 532 nm 
semiconductor diode excitation laser providing a lateral spot extension of approximately 1 
µm. For spectrum recording we used a 2400T grating to obtain the highest spectral resolution 
of 1 cm-1 and an acquisition time of typically 1s and 10 accumulations. This helped to 
minimize laser induced damaging of the sample and reduced any detrimental interaction with 
the mineral matrix.  
 
2.5.4. Scanning and Transmission Electron Microscopy and energy dispersive X-ray 
spectroscopy 
For the surface topography analysis of cross-sections we used an X30 SEM as part of the FEI 
Nanolab FIB at 5 kV acceleration voltage as well as an FEI Sirion S-FEG field emission 
SEM at the York JEOL Nanocentre, which was operated at 5 kV for imaging analysis and 12 
kV for energy dispersive X-ray spectroscopy (EDX) analysis. The instrument is coupled with 
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a Noran EDX system which uses an Oxford INCA analysis system and a 30 mm 2 light 
element Silicon-Lithium (SiLi) detector. The resolution of this microscope under optimum 
conditions is < 2 nm (FEI instrument specifications), however, the sample type and 
characteristics (e.g. surface morphology and electrical conductivity) limits the resolution to 5 
nm. 
Transmission electron microscopy (TEM) studies were performed using an image and probe 
aberration corrected JEOL 2200 FS with a 200 kV acceleration voltage accessible at the York 
JEOL Nanocentre. 
 
2.6. Data Analysis 
All data were tested for normality and homogeneity of variances (Levene’s Test), and if 
necessary, data were transformed to meet assumptions of parametric tests (proportional data 
were arcsine square root transformed, ratio data were ln (x+1) transformed). Most data were 
analysed using Analysis of Variance (ANOVA) followed by post-hoc Student–Newman–
Keuls (SNK) tests (as needed). If data did not meet the assumptions of these tests, then non-
parametric alternatives (Kruskal-Wallis or Mann Whitney U Tests) were used instead. 
 
3. Results 
A key motivation of our work was to establish if and how the observed differences in scallop 
shell-damage were related to the variations of heavy-metal concentrations in the sediments of 
the fishing grounds around the Isle of Man. For this purpose we conducted a systematic study 
of the lethal damage of scallops caught at two opposite sites near the Isle of Man, namely 
Bradda and Laxey, measured the level of metal contamination in the sediments at these sites, 
determined the mechanical fracture strength of the shells for both sites, as well as a number 
of additional control sites, and analysed the shell structure for scallop shells from Bradda and 
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Laxey. 
 
3.1. Scallop damage and mortality around the Isle of Man 
The proportion of scallops that were lethally damaged during capture in stock assessment 
surveys was determined at six sites around the Isle of Man over three years (Fig. 1(a), Fig. 
S3). A four-level visual damage classification system was used, where lethal damage was 
classified as damage levels 3 and 4, as justified by our laboratory experiment (Fig. S2). The 
percentage of lethally damaged scallops varied over time at all sites, but was consistently 
higher at Laxey than at all other fishing grounds (2-way ANOVA: Site F5,96=22.099, 
p<0.001; Date F5,96=5.485, p<0.001; Site x Date F21,96=1.092, p=0.379)(Fig. S3). Figure 1b) 
shows damage rates at the three sites (Laxey and Bradda Inshore and Offshore) for which 
detailed analyses of scallop shells were subsequently performed. While scallops caught at 
Bradda Inshore and Offshore experienced lethal damage levels of 2–7%, those caught at 
Laxey revealed consistently higher mortality rates between 8.5 and 11%. Overall, the average 
lethal damage rate at Laxey was 9.6%, almost twice the average for the two Bradda sites 
(5.0%). 
 
During the above surveys, we further estimated fullness and rock volume in each dredge as 
potential factors affecting damage to scallops. There was no difference in dredge fullness 
between fishing grounds and significantly fewer stones at Laxey than other grounds - 
counterintuitive to the higher damage there (Fig. S4a) & b)). We also recorded the density of 
brown crabs, Cancer pagurus, as a potential factor that could affect shell strength (see 
Methods), but again, there was no relationship between crab density and damage to scallops 
(Fig. S4c)). Although crab densities were relatively low at Laxey, they were also low at 
Targets, where damage rates were much lower and shells were significantly stronger than at 
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Laxey (see below). 
 
3.2. Metal contamination of seabed sediments 
Our analysis of sediment samples at Laxey and Bradda and a previous study (Daka and 
Hawkins, 2004) revealed that metal contamination (Zn, Cu and Pb) was elevated at the Laxey 
shoreline and decreased with distance offshore (Fig. 2). Against the internationally 
recognised Canadian Sediment Quality Guidelines for the Protection of Aquatic Life (CCME, 
2002), both Zn and Pb were above the PEL (Probable Effect Level-the probable effect range 
within which adverse effects frequently occur) at the Laxey shoreline, with Cu being between 
the TEL (Threshold Effect Level - the possible effect range within which adverse effects 
occasionally occur) and PEL(CCME, 2002). At 500 m offshore (the approximate distance 
from shore at which scallops are first found (Beukers-Stewart et al., 2003)) Zn was still above 
the PEL, but Cu and Pb were between the TEL and PEL. At 1500 and 3000 m from shore 
both Cu and Zn were below the TEL with Pb between the TEL and PEL. In comparison, 
levels at Bradda for all metals analysed (Zn, Pb and Cu) were below the TEL level 
throughout (Fig 2.). 
 
3.3. Scallop shell strength and morphometrics 
Scallops were collected from the Laxey and Bradda Inshore sites for shell strength testing in 
2004 and for strength testing and microstructural analysis in 2013 (see Fig. S5). 
Measurements of the individual weights of shells collected in 2013 allowed us to calculate a 
weight/length ratio for each scallop which served as an index of shell thickness and/or 
density. We found that shells at Bradda Inshore had a significantly higher weight/length ratio 
(0.914 ± 0.021SE) than at Laxey (0.763 ± 0.031SE), (one-way ANOVA: F1,9=16.338, 
p=0.004). Furthermore, while the thickness of the curved bottom valves was generally similar 
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at both sites, the flat top valves were up to 0.75 mm thinner at Laxey (Fig. S6).  
The sample of scallop shells collected from Laxey and the five other fishing grounds in 2004 
showed that shell strength varied significantly between fishing grounds (one-way ANOVA: 
F5, 119 = 5.503, p<0.001, Fig. 3). A post-hoc SNK test revealed that shells were significantly 
weaker at Laxey (603.90 N ± SE 40.67, n=20) compared to all other sites. The second sample 
of scallops collected in 2013 also found that shells were significantly weaker at Laxey (mean 
= 746.32 N, ±SE 85.56, n = 5) than Bradda Inshore (mean = 1174.42 N ±SE 100.66, n = 5), 
(1-way ANOVA: F1,9 = 10.50, p = 0.012). 
 
3.4. Disruption of mineral organisation in scallop shells 
Cross-sections of top and bottom valves from Bradda Inshore and Laxey (n=5 at each site) 
were thinned and polished to optical transparency (< 80 µm) and studied with SEM and TEM 
to characterize the overall mineral organization within the shells. Cross-sections were cut 
perpendicular and parallel to the rib direction (cut directions are indicated in Fig. S6a). These 
cross-sections were then polished to specular quality. Optical microscopy (Fig. S7A) shows 
the distinctive mineral organisation pattern of P. maximus where SEM analyses (Fig. S7 B) 
revealed the intertwined arrangement of the crystals in the foliated region, showing densely 
packed rod-shaped crystals, perpendicular to the rod direction, with crystal diameters in the 
range between 300 and 600 nm (Fig. S7 C). These observations are in line with previous 
studies (Grefsrud et al., 2008) and show that the mineral morphology in the foliated part of 
the shell is made up of different layers, linked to the shell formation process throughout the 
scallop’s lifetime. 
 
A comparison between the Bradda and Laxey top and bottom valves was performed by 
preparing perpendicular and parallel cross-sections relative to the rib direction and initially 
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studying these samples with transmission optical light microscopy (Fig. 4). The cross-
sections from Bradda Inshore (A, B, C) and Laxey (D, E, F), allow for a direct comparison of 
the shell structure for both the top and the bottom shells. Three morphological regions can be 
identified in all samples in agreement with the descriptions given by Bøggild and Kennedy 
(Boggild, 1930; Kennedy et al., 1969): i) a thin layer found to consist of aragonite calcium 
carbonate as identified by Raman spectroscopy, (see Fig. S8) on the interior valve side where 
the muscle was originally attached, ii) a thick foliated pattern of calcite crystals and iii) an 
outer calcitic layer. Notably, all Laxey samples showed dark continuous lines positioned at 
approx. one third of the shell thickness as measured from the inner sides of the valves (Fig. 4 
D, E and F, indicated by white arrows). Such lines were not found in any of the Bradda 
shells. 
 
Investigations of these internal disruption zones by SEM in the perpendicular cross-sections 
of Laxey valves with high magnification revealed these zones to be regions of disorganised 
mineralization. Our studies (Fig. 4H) indicate that the disrupted mineralisation regions 
consist of largely loose bundles of calcite rods, in stark contrast to the well-stacked order of 
closely packed calcite rods found in the regular shell structure (Fig. S9). EDX analysis in 
SEM of the disrupted regions did not show the presence of metal elements other than Ca 
(Supplementary Information 8). Hence, if these metals were incorporated in the disrupted 
region their concentration would be below the detection limit for EDX (< 0.1% for Zn, Pb 
and Cu). 
 
4. Discussion 
Our study demonstrated considerable differences in the morphology, microstructure and 
strength of shells of commercially valuable king scallops (Pecten maximus) at geographically 
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close (< 50 km apart) sites around the Isle of Man in the Irish Sea. The Laxey site, where 
shells were significantly weaker and thinner compared to the control sites, has a long history 
of metal contamination due to a legacy of land-based mining (Kennington, 2018). Our 
surveys showed that substantial metal contamination (Pb, Cu and Zn) is still present in the 
sediment on this scallop fishing ground, decreasing exponentially with distance from the 
shore. The levels of fatal damage to the scallops we caught at Laxey were 1.71 to 3.91 higher 
than at non-contaminated fishing grounds. Given that approximately 80% of scallops which 
encounter a dredge are damaged but remain uncaptured on the seafloor (Jenkins et al., 2001), 
these differences could have major implications for local population size and fisheries yield 
(Myers et al., 2000). Likewise, weaker shells make young/small scallops more vulnerable to 
predation by crustaceans (Beadman et al., 2003; Grefsrud et al., 2008), likely reducing the 
probability of surviving to maturity and commercially viable size. 
 
We believe our results provide a compelling case that metal contamination is playing an 
important role in the development of thinner and weaker shells at Laxey, and hence the 
observed high damage rates. Given that the morphology and strength of bivalve shells is well 
known to be highly variable and affected by environmental conditions (Beadman et al., 2003; 
Telesca et al., 2019), we do not make this conclusion lightly. However, all of the evidence we 
investigated points in that direction. Firstly, although Laxey was our only ‘treatment’ 
(contaminated) site, it really stood out as an outlier. It was the only site we investigated that is 
measurably contaminated with metals, and it consistently revealed both the highest damage 
rates of six sites over a three year period, and the weakest shell strength, at two time periods 
separated by 9 years (2004 and 2013). We also knew from previous studies that it has been 
contaminated with metals since at least 1978, and almost certainly much longer (Kennington, 
2018). Metals are known to disrupt calcification and therefore shell formation in molluscs, 
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although this phenomenon is poorly understood in marine environments (Zuykov et al., 
2013). Secondly, the internal microstructure of the shells at Laxey was markedly different 
from those at our control site at Bradda. In particular, all of the Laxey shells examined 
contained a discontinuity or check mark, which could indicate that at a certain stage of 
growth these scallops lost the ability to form a folded mineral structure within the foliated 
region of the shell  for a period of time. This discontinuity was not found in any of the shells 
we examined from our control site at Bradda. In all the Laxey shells the affected region was 
approximately one third of the valve thickness measured from the inner side. This temporary 
loss of mineral organisation likely began soon after scallops settled onto the sediment as 
juveniles, but continued throughout the scallop’s life, given we found the check mark in 
sections taken from near the outer edge of shells from adult scallops. Laboratory experiments 
have shown that exposure of scallops to metal contaminants such as copper during their early 
life history can dramatically reduce their growth and survival (Beaumont et al., 1987). The 
particulate pathway (via sediment or food) is also thought to be the main route for 
accumulation of metals in king scallops (Metian et al., 2009).  
 
The analysis of environmental variables such as dredge fullness and stone volume did not 
indicate any other obvious explanation for the high damage rates and weaker scallop shells at 
the Laxey fishing ground. In fact, stone volume was lowest at Laxey, where damage was 
highest. This particular difference is more explained by local geology rather than differences 
in hydrographic conditions around the Isle of Man (Kennington and Hiscott, 2018). All of the 
above findings indicate that damage likely occurs when scallops first encounter the dredges 
on the seabed, rather than once they are in the dredge (Lart, 2003), and that damage levels are 
therefore predominantly related to shell strength. Given the close proximity of our study sites, 
oceanographic conditions such as water temperature, salinity and food availability are known 
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to be relatively similar across all areas (Kennington, 2018; Kennington and Hiscott, 2018). 
Therefore these factors do not explain the spatial variations in shell strength that we 
observed. Likewise, our data give no indication that those patterns were driven by either a 
phenotypic anti-predator response (Beadman et al., 2003) or selective predation on 
individuals with weaker shells (Grefsrud et al., 2008), posssibly because predator numbers 
are temporally variable in the study area (Öndes et al., 2019). Finally, although genetic 
variation is not thought to strongly influence plasticity in bivalve shells (Vendrami et al., 
2017), there is little genetic diversity in populations of Pecten maximus around the UK 
(Morvezen et al., 2016) excluding this factor as a potential cause for shell strength variability.  
 
Biological responses to metal contamination are generally explored in short-term laboratory 
experiments (Mayer-Pinto et al., 2010), whereas we examined the long-term effects of 
exposure under field conditions. Our findings imply a non-apical response (i.e. a response not 
directly linked to enhanced mortality) to metal contamination leading to shell weakening in a 
marine bivalve mollusc. To our knowledge this is the best evidence to date for such an effect 
in a real-world setting. Such non-apical responses are rarely considered in toxicity 
assessments (Marty et al., 2017). However, our study indicates that such an effect needs to be 
considered as a cofactor, which strongly reduces survival rates. In our study this effect was 
apparent during both fishing operations and from the increased vulnerability of the scallops to 
predators. For example, Jenkins et al., (2004) show enhanced scavenger and predator 
aggregation to even lightly damaged scallops. This finding is of particular  significance since 
the metal contamination we recorded was generally below the regulatory limits thought likely 
to harm marine life (CCME, 2002), and the Laxey scallops are considered safe for human 
consumption (Kennington, 2018). Given the similarity of shell formation and calcification in 
scallops and other bivalves (Zuykov et al., 2013), our findings have therefore broader 
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implications for a group of species of considerable ecological and economic importance. 
 
Naturally, a key question here is, what is the mechanism by which metal bearing sediments 
affect the shell formation process? Some evidence exists that contaminant metals can affect 
the mineralisation process in freshwater molluscs (Faubel et al., 2008) and there are in 
principle two mechanisms or a combination of these mechanisms conceivable:  
 
(i) Contaminant metal ions could directly substitute Ca2+ ions during shell formation 
(Jordaens et al., 2006) and thereby disrupt the organisation of the shell matrix leading to 
poisoning of certain crystal facets and thereby changing growth rates and morphological 
evolution. This process would require a direct transport of the metal ions towards the active 
mineralisation sites. In this case the mineralising organism would act as a transit stage with 
possibly minor effects on the organism itself. Although it is well established that heavy metal 
pollution can significantly affect shell formation in bivalves, the precise impact pathways of 
metal ions such as Zn2+, Cu2+ and Pb2+ on the formation of crystalline calcium carbonate in 
mollusc shells is still to be unravelled. Systematic studies by Kurmaç (Kurmaç, 2009) have 
found that microbial calcium carbonate precipitation is strongly diminished by the presence 
of comparably low concentrations of these ions where Cu(II) shows the strongest impact 
followed by Pb(II) and Zn(II). This indicates a notable sensitivity of the biomineralization 
process to these bivalent ions. It is likely that such sensitivity is related to the strong affinity 
of these heavy metal ions for incorporation into calcium carbonate substrates such as 
limestone (Sdiri, 2012) where certain crystallographic orientations become inhibited by these 
impurities and thereby leading to a suppression of the overall crystal growth via adsorption to 
specific growth sites (Meyer, 1984). 
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(ii) Contaminant metal ions interact with the organism and, by means of affecting the 
production of mineralisation related proteins, lead to a deterioration of mineral morphology. 
The early stages of mineral formation (where ions assemble into stable amorphous clusters), 
are regulated by proteins transporting Ca2+ and CO3
2- ions from the sea water possibly via an 
intermediary amorphous precursor phase into the final crystals (Freeman et al., 2010; Rao et 
al., 2014). The metal ions may bind with proteins involved in the mineralisation process and 
be carried into the shells (Freitas et al., 2016), or they might lead to protein folding and thus 
modifying their activity and thereby the crystallisation dynamics of microstructure formation 
(Sharma et al., 2008). 
 
Our EDX analysis did not detect any of the metals found in the sediments at the disruption 
layer of the Laxey shells. However, the detectable concentration is relatively high (approx. 
0.5%) and hence does not preclude a possible direct role of metal ions in the formation of the 
disruption layer, since only minor levels of contaminants can substantially disrupt the crystal 
formation process.  
 
Given that metal pollution is considered an increasing threat to marine ecosystems (Rogers 
and Laffoley, 2011), improving our predictions of the ecological and economic impact on 
bivalves, including interactions with predicted future changes in ocean chemistry (pH) and 
temperature, clearly needs to form a priority area for research (Sezer et al., 2020; Shi et al., 
2016). The fact that comparably low levels of heavy metal contaminations can affect the shell 
structure and strength in such a potent way represents a challenge to marine species 
management and conservation strategies, particularly when considering the potential and 
already established enhancements of these effects by ocean acidification and global warming 
in the present and the future.  
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5. Conclusion 
The potential long-term impact of anthropogenic metal pollution on marine organisms, as 
shown in our work, is remarkable since the last major mine on the Isle of Man closed in 1908 
(Government, n.d). Given both the persistent nature of such threats, and the likelihood that 
they will be amplified in the future by ongoing human activities and climate change (Rogers 
and Laffoley, 2011; Sezer et al., 2020; Shi et al., 2016), we urge a renewed research focus on 
the effects of metals on calcification in marine organisms. Our study indicates that bivalve 
shell structure and strength may be a more sensitive, but very ecologically relevant, end-point 
or bio-indicator than those currently used in ecotoxicology assessments. Given the joint 
prevalence of both bivalve molluscs and metal contamination in inshore coastal waters 
around the world, it is quite possible that significant bivalve population losses and reductions 
in associated biodiversity and ecosystem services have been occurring unseen because of 
these effects on calcification. Patterns of spatial variation in bivalve shell strength should 
therefore be used to help identify potentially affected sites. Through subsequent field 
sampling and modelling of effects (Dong et al., 2016), it would then be possible to confirm 
the marine and coastal areas where marine life and fisheries are most threatened from the 
geochemical time bombs generated by metal pollution. Such an approach could potentially 
result in a paradigm shift for how risks of metal contamination are assessed and managed in 
the marine environment. 
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Table 1. Dates and details of the field work and laboratory analysis conducted as part of this 
study. Based on our initial investigations from 2001-2004 we decided to conduct further 
analysis in 2013. This involved repeating the shell strength experiments to ensure consistency 
over time, testing the sediment for metal contamination and analysing the shell 
microstructure. 
 
 
Scallop 
damage 
rate 
Dredge 
fullness & 
volume 
Crab 
catch 
per unit 
effort 
Scallop 
survival 
rates 
Scallop 
shell 
strength 
Sediment 
contamination 
levels 
Scallop 
shell 
micro-
structure 
2001 X X X     
2002 X        X    
2003 X                 
2004          X   
                       
2013          X X X 
 
 
Figure 1. a) Map of the north Irish Sea showing the major P. maximus beds around the Isle 
of Man in pink. The names of the main fishing grounds are labelled in black, with the 
ancillary areas labelled with red. The contaminated site, Laxey, is circled in red, while our 
main control site, Bradda Inshore, is circled in green. Each square of the overlying grid is 5 
nautical miles square (adapted from Beukers-Stewart et al., 2003). b) Percentage of lethal 
damage (levels 3 and 4) captured in standard scallop dredges on three fishing grounds 
between June 2001 and October 2003 (n=3 dredge tows per site and date). A fatally dredge 
damaged scallop (grade 4) is shown in the background.  
Figure 2. Metal concentrations as a function of distance from the shore in sediments at the 
Laxey and Bradda Inshore sites. The shoreline measurement at Laxey (at 0 m) is from Daka 
and Hawkins (2004) while other measurements are from February 2013. Contamination 
levels at or above PEL are within the range at which adverse effects to organisms frequently 
occur, while between the TEL and PEL indicates the possible effect range within which 
adverse effects occasionally occur. Levels below TEL are considered safe for marine 
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organisms (CCME, 2002). Yellow dots indicate the approximate locations where sediment 
samples were taken. 
Figure 3. Map of the relative mean fracture strength observed for P. maximus around the Isle 
of Man with the value for Bradda Offshore (911.77 N) used to normalise the values for all 
other sites. Shells were collected from six sites around the Isle of Man in 2004. The colour 
code indicates the value for the relative fracture strength. Laxey is the contaminated site, all 
the others are controls (n=20 per site, 120 in total). The value for the Laxey site is 0.66 
whereas the values for the other sites are all above 0.83. Red symbols assign major historical 
mining sites for zinc, lead and copper ores with the order of importance indicated by their 
sequence position (Daka and Hawkins, 2004). 
Figure 4: Comparison of Bradda Inshore (top row) and Laxey (bottom row) shell cross-
sections using transmission optical microscopy: (A) Bradda top valve in perpendicular 
orientation to the rib; (B) Bradda top valve in parallel orientation; (C) Bradda bottom valve, 
perpendicular; (D) Laxey top valve, perpendicular, (E) Laxey top valve, parallel; (F) Laxey 
bottom valve, perpendicular. A disruption layer of 10-20 µm thickness is observable in all 
Laxey cross-sections (indicated by white arrows). Details of the disrupted layer in the Laxey 
top valve: (G) SEM image of polished cross-section showing disrupted layer (white arrow); 
(H) Higher magnification SEM image of disrupted region showing a loose arrangement of 
calcite rod bundles. 
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Graphical abstract 
Highlights 
 Lethal damage to scallops was higher during fishing at a metal contaminated site. 
 Higher damage correlated with lower shell strength and disrupted shell structure. 
 A wide range of alternative explanations to metal contamination were ruled out. 
 Bivalve shell characteristics should be used more in ecotoxicology assessments. 
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